The stability and electronic structure of a nanowire are studied by first-principles calculations. The wire consists of a single depassivated silicon dimer row on the hydrogen passivated Si͑001͒ 2ϫ1 surface. We predict that sodium atoms evaporated onto this surface stick preferentially at the depassivated row and partially fill the empty one-dimensional states of this row. This leads to a thin metallic wire of atomic size dimensions. At room temperature the sodium atoms are mobile along the depassivated row; they become immobile at temperatures below ϳ120 K. ͓S0163-1829͑97͒50328-6͔
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Nanowires have attracted considerable attention as such small one-dimensional ͑1D͒ structures are expected to exhibit intriguing physical properties such as a quantized conductance or a transition to a Tomonaga-Luttinger liquid at low temperatures. 1 In recent years rapid progress has been made in manipulating atoms with the scanning tunneling microscope ͑STM͒, which makes it possible to build 1D structures atom by atom. 2 On metallic substrates the 1D electronic states of such structures are usually strongly mixed with the bulk metal states. In order to study unperturbed 1D effects, one would therefore prefer to use semiconducting ͑or insulating͒ substrates. Recent examples of stable 1D structures on semiconductor surfaces constructed using STM techniques, are atomic scale grooves on the Si͑111͒ surface 3 and depassivated single dimer rows on the 2ϫ1 monohydride Si͑001͒ surface. 4 Both these structures are semiconducting, however, and a necessary condition for the occurrence of the low-temperature effects mentioned above is that the structures have 1D metallic character at higher ͑e.g., room͒ temperature. The challenge therefore is to construct an atomic scale metallic wire on a semiconducting substrate. There are a number of possible approaches. One could, for instance, modify a specific surface in order to create a wire which is intrinsically metallic. An example of this was explored in recent theoretical work where the possibility of a stable ''dangling bond wire'' on hydrogen passivated Si͑111͒ was discussed. 5 Another possibility is to use semiconducting 1D structures as templates for metal atoms evaporated onto the surface, the experimental feasibility of which has recently been demonstrated quite convincingly by Shen et al. 6 The microscopic limit of a single row of metal atoms ͑which interact strongly with the substrate͒ will not necessarily result in a conducting wire. For example, first-principles calculations by Brocks et al. show that lines of aluminum atoms on Si͑001͒ are semiconducting. 7 A third approach is to dope semiconducting 1D structures. Some of these structures have states inside the bulk band gap, which have a pure 1D character. Transferring electrons ͑holes͒ from dopant atoms to empty ͑filled͒ 1D states would result in conducting wires.
In this paper we propose a specific realization of this last approach and study it by means of first-principles calculations. We start from a single depassivated dimer ͑DD͒ row on the 2ϫ1 hydrogen passivated ͑i.e., monohydride͒ Si͑001͒ surface. The 1D bands that result from the dangling bonds on the depassivated dimers of that row consist of filled and empty * bands, both partly inside the bulk Si band gap. We propose to use sodium atoms evaporated onto the surface in order to inject electrons into the empty band. Previous calculations for high coverages of Na on the clean Si͑001͒ surface have shown that the surface band structure is virtually unchanged, apart from a partial filling of the empty surface states. 8 One could expect the DD row to behave similarly, provided that the Na dopant atoms can be localized near the DD row. We will study to what extent the DD row acts as a preferential adsorption site for Na adatoms. The resulting electronic structure will be discussed and we present evidence for the metallic character of this row.
In the calculations we use a Car-Parrinello-like technique for the simultaneous optimization of the electronic and ionic degrees of freedom. 9 The Si͑001͒ surface is modeled in a supercell by a slab consisting of six layers of Si, saturated at the bottom by hydrogen atoms. The repeated slabs are separated by a vacuum region of 10.5 Å. The positions of the atoms in the bottom two layers of the slab plus the H atoms, are kept fixed. The Si and Na ion cores are modeled by separable 10 norm conserving pseudopotentials 11, 12 with s and p nonlocal components; for H we use a local potential. The local-density approximation for the exchange and correlation is used, 13 with a nonlinear core correction applied to the Na ions.
14 A plane-wave kinetic energy cutoff of 12 Ry is used, with the exception of the sodium adsorption on the clean Si͑001͒ surface, where we use 8 Ry. The k-point sampling is equivalent to eight points in the p(2ϫ2) surface Brillouin zone ͑SBZ͒ of Si͑001͒; the Kohn-Sham eigenstates are occupied according to a Fermi-Dirac distribution with k B Tϭ0.020 eV. Tests with a higher plane-wave cutoff, a denser k-point sampling, and a larger vacuum region lead us to an estimate of 0.05 eV for the uncertainty in the relative adsorption energies on the clean and monohydride Si͑001͒ surface. Relative adsorption energies on the DD row are converged to within approximately 0.10 eV. Before considering Na adsorption on a DD row, we present results for Na adsorbed on the clean Si͑001͒ surface and compare these to recent first-principles calculations of the Na covered Si͑001͒ surface by Kobayashi et al. 8 and Ko et al. 15 In the present work a larger surface unit cell ͓c(4ϫ4)͔ is used to study adsorption in the low coverage regime. We expect that the relative adsorption energies of one Na atom in this unit cell are representative for single, isolated adsorbed atoms. 7 The adsorption energies on the clean surface ͑and the corresponding electronic structure͒ will later be compared to those on the DD row. The clean Si͑001͒ surface is characterized by rows of alternating buckled Si dimers in the top layer, shown schematically in Fig. 1 . High-symmetry adsorption sites are labeled by their conventional names ͑see Ref. 8͒. The site labeled by HH is lowest in energy; the T3 and T4 sites represent local minima which are approximately 0.1 eV higher in energy. The T3 site is located in the middle between the dimer rows and the T4 site is slightly displaced ͑0.23 Å͒ towards the downwards buckled substrate atom. The HB site represents a saddle point on a path over a substrate dimer row ͑in the y direction͒. It was located by constraining the adatom to a plane perpendicular to the dimer rows and it is displaced by 0.34 Å with respect to the middle of the dimer row. For all the adsorption sites the substrate buckling remains unchanged upon sodium adsorption. Ko et al. 15 found ͑for a higher sodium coverage͒ that an upward buckling of the substrate dimers towards the trough between two rows leads to a lower energy for the adsorption sites in this trough. We therefore recalculated the energies of the T3 and T4 configurations using this configuration for the substrate dimers. The energies of the T3 and T4 relative to the HH site become 0.05 eV and 0.16 eV, respectively, and are thus very similar to the ones given in Fig. 1 . The small energy differences between the various adsorption sites indicate that adsorbed Na atoms are highly mobile at room temperature. The activation energy for diffusion in the trough between the dimer rows is negligible, i.e., within the error bar of the calculation. For diffusion along the HH-T3 path the activation energy is 0.25 eV. Similar high mobilities were also found for other metal atoms adsorbed on Si͑001͒, such as aluminum. 7 The calculated band structure of the clean Si͑001͒ surface is shown in Fig. 2͑a͒ in a p(2ϫ2) surface cell; it is similar to that found in previous studies. 16 The bonding combinations of the dangling bond surface states are labeled , the antibonding combinations 1 * and 2 * . The bands are filled and in the ⌫JЈ and ⌫J directions they are largely surface resonances, as shown in Fig. 2͑a͒ . The 1 * band is empty and is a true surface band with a dispersion of 0.76 eV in the direction parallel to the dimer row (⌫JЈ). Perpendicular to the rows (⌫J) its dispersion is 0.15 eV. The empty 2 * band again is for the most part a surface resonance. In Fig. 2͑b͒ the band structure is shown for a Si͑001͒ surface on which one Na atom per p(2ϫ2) cell is adsorbed at a HH site. It is very similar to the band structure of the clean surface. The major difference is that the 1 * band is now half filled, which makes this Na covered surface metallic. The Na atoms have transferred their electrons to these 1 * surface states. Similar results were obtained by Kobayashi et al. 8 for the 2ϫ1 Na covered Si͑001͒ surface. In their case the Coulomb potential of the Na ions in addition results in a downward shift of the surface bands. For the low coverages which are used here, we find no evidence for such a shift. In the low coverage regime ͑at least up to 1/4 of a monolayer͒ the shape and position of the surface bands with respect to the bulk states remain unaltered. The concentration of Na atoms only determines the position of the Fermi level within the fixed 1 * band.
Na adsorption at a DD row is modeled in a p(4ϫ2) unit cell, which contains two dimer rows, cf. Fig. 3͑a͒ . One of these rows is passivated by hydrogen atoms, which results in symmetric surface dimers. The other row represents the DD row and consists of p(2ϫ2) buckled Si surface dimers as on the clean surface. The adsorption energies at the HH and B2 sites on the DD row are equal within the error bar to the corresponding values at the clean Si͑001͒ surface. We conclude that adsorption at a DD row is similar to adsorption at a dimer row on the clean Si͑001͒ surface. Away from the DD row, towards the hydrogen passivated row, energies become much higher. This is shown in Fig. 3͑a͒ , where we plot relative energies for various adsorption sites on a straight line between the DD row and the hydrogen passivated row ͑in the x direction͒. Adsorption at the DD row is clearly favorable; the DD row traps adsorbing Na atoms. We have checked various other adsorption sites in between the DD and the passivated row. All of these have energies which are at least 0.3 eV higher than that of the HH site, so the latter is the most stable adsorption site. Based upon the results of Fig.  3͑a͒ , an estimate for the activation energy E a for diffusion from the DD row onto the fully passivated surface is 0.9 eV. One can use this value to roughly estimate the jump rate ⌫ for this diffusion event, assuming a simple Arrhenius expression ⌫ϭAexp(ϪE a /k B T). Using a typical value for the prefactor Aϭ10 13 Hz and Tϭ300 K, one finds ⌫ϭ0.007 Hz, which would mean that diffusion from the DD row onto the passivated surface is a rare event and the Na atom is trapped at the DD row. 17 In order that the DD row can actually capture Na atoms evaporated onto the surface, these atoms must of course be sufficiently mobile on the hydrogen passivated part of the surface. We have calculated energies along a path from the HHЈ to the T3Ј site on the monohydride Si͑001͒ surface, the results of which are shown in Fig.  3͑b͒ ͑note that for this surface the T3Ј site is lower in energy than the HHЈ site͒. The activation energy is 0.31 eV, which indicates that Na atoms are indeed quite mobile on the passivated surface ͑estimated jump rate 6ϫ10 7 Hz͒. Having captured the Na atoms and confined them to the DD row, we estimate their mobility along this row. The diffusion path for sodium atoms parallel to the DD row ͑i.e., in the y direction͒ runs either on top of the DD row, or in between the DD and a neighboring passivated row. The activation energy of the first path is estimated to be 0.35 eV ͑cf. the energy of the saddle point HB, see Fig. 1͒ . A lower bound for the activation energy of the second path is found by a minimization in which we constrain the sodium adatom to a plane perpendicular to the dimer rows, through the T4 site. This lower bound is 0.30 eV, which is our final estimate for the energy barrier for diffusion parallel to the DD row. It follows that the Na atoms are mobile along the DD row at room temperature; at temperatures below ϳ120 K their motion will be frozen ͑i.e., the jump rate will be much smaller than 1 Hz͒.
Having established the stability of a sodium-doped DD row, we now consider its electronic structure. The band structure of the p(4ϫ2) unit cell with one Na atom adsorbed at the HH site, cf. Fig. 3͑a͒ , is shown in Fig. 4͑a͒ . The surface bands resemble those of the clean surface, cf. Fig. 2 ; they result from the dangling bonds of the Si atoms in the DD row. The 1 * state of the DD row is half filled after Na adsorption and again the result is similar to Na adsorption on the clean surface ͓Fig. 2͑b͔͒. Hydrogen passivation of the adjacent row leads to strong covalent bonds between the Si atoms of that row and the H atoms; the energies of the cor- FIG. 3 . ͑a͒ Relative energies for adsorption of a Na atom on a path along the x direction from the DD row to the hydrogen passivated dimer row, along with the unit cell used in the calculations. Notation as in Fig. 1 ; the open circles represent the hydrogen atoms. The dotted line denotes the corresponding energies for adsorption on the clean surface. ͑b͒ The corresponding energies ͑and the unit cell used͒ for adsorption on the monohydride Si͑001͒ surface.
FIG. 4.
͑a͒ Band structure and surface Brillouin zone of the p(4ϫ2) structure shown in Fig. 3͑a͒ with one Na atom adsorbed at the HH site. ͑b͒ and ͑c͒ Plots of the electron density of the 1 * state at ⌫ ͑b͒ in a vertical plane perpendicular to the dimer rows through one of the surface dimers, ͑c͒ in a vertical plane along the DD row passing through the downwards buckled dimer atoms. Si, H, and Na atoms are represented by filled, open, and hatched circles, respectively. The contour levels run from 1 to 8 in steps of 1 (ϫ10 Ϫ3 a 0 Ϫ3 ).
responding bonding states are well inside the Si bulk valence band. In addition the hydrogen passivated row reduces the dispersion of the DD surface bands in the direction perpendicular to the rows (⌫J, Fig. 4͒ Within the approximations used our calculations predict that the Na-doped DD row has metallic properties. We briefly speculate on additional effects which could open a gap and destroy the metallicity of this structure. If the on-site coulomb correlation energy becomes large as compared to the width of the surface band, the system could become a Mott-Hubbard insulator. The on-site correlation has been used in describing the electronic structure of the Na covered GaAs͑110͒ surface. 18 For the present system we expect this effect to be much weaker, as the DD states are much more extended ͑see Fig. 4͒ than the GaAs͑110͒ surface states. The electron-lattice interaction can also lead to the opening of a gap, which is especially likely in quasi-one-dimensional metallic systems where nesting of Fermi surfaces can trigger a Peierls distortion ͑but does not always have to, according to Littlewood and Heine 19 ͒. The importance of this effect can be studied within the approximations used here. We have performed a geometry optimization using a p(4ϫ4) unit cell with two Na atoms adsorbed at HH sites, i.e., the unit cell of Fig. 3͑a͒ doubled in the direction of the dimer rows. We found no evidence for a spontaneous breaking of the translational symmetry and no corresponding opening of a gap at the Fermi level.
In conclusion we have shown that a depassivated dimer ͑DD͒ row on the monohydride Si͑001͒ surface acts as an adsorption template for Na atoms. At room temperature the sodium atoms are sufficiently mobile to reach the DD row and subsequently become trapped at this row. The adatoms are still mobile along this row, but at a temperature below ϳ120 K their motion is completely frozen. The Na atoms transfer their electrons to the empty one-dimensional band of the DD row. A partial filling of this band leads to a onedimensional metallic atomic wire.
